Starting in December 2013, West Africa was overwhelmed with the deadliest outbreak of Ebola virus known to date, resulting in more than 27,500 cases and 11,000 deaths. In response to the epidemic, development of a heterologous prime-boost vaccine regimen was accelerated and involved preparation of a phase 3 effectiveness study. While individually randomized controlled trials are widely acknowledged as the gold standard for demonstrating the efficacy of a candidate vaccine, there was considerable debate on the ethical appropriateness of these designs in the context of an epidemic. A suitable phase 3 trial must convincingly ensure unbiased evaluation with sufficient statistical power. In addition, efficient evaluation of a vaccine candidate is required so that an effective vaccine can be immediately disseminated. This manuscript aims to present the statistical and modeling considerations, design rationale and challenges encountered due to the emergent, epidemic setting that led to the selection of a cluster-randomized phase 3 study design under field conditions.
Background
The unprecedented size and severity of the 2014-2015 Ebola outbreak in West Africa 1 led to the declaration of a public health emergency of international concern by the World Health Organization (WHO) in August 2014. No licensed vaccine, treatment, or cure exists for this disease leading to immense pressure to rapidly implement clinical research. Accelerated development of a heterologous prime-boost regimen in which Ad26.ZEBOV primes a filovirus-specific immune response followed by MVA-BN-Filo to boost the immune response involved preparation of a phase 3 effectiveness study. 2 Individually randomized controlled trials are widely acknowledged as the gold standard for demonstrating the efficacy of a candidate vaccine. However, there was considerable debate about the ethics of such randomization in the context of the epidemic. [3] [4] [5] [6] [7] Alternative designs were advocated, including a cluster-randomized trial and a steppedwedge design. 4, 5 Three principles to consider for an efficacy design were recommended by Lipsitch et al.: 3 blocked randomization with analysis matched by small centers (blocks), stepped rollout for logistical or political purposes, and adaptive designs that allow flexibility in sample size. When carefully implemented, these principles may offer ethical and logistical advantages in an epidemic setting, where Ebola incidence varies considerably by time and location.
A suitable phase 3 trial must ensure unbiased evaluation with sufficient statistical power. This article presents the statistical considerations, design rationale, and challenges encountered that led to the selection of a cluster-randomized controlled phase 3 study design. In preparation for the phase 3 trial, computer simulations were used to guide decisions about study design in an uncertain environment. Using available, historical incidence data, aspects affecting a cluster-randomized trial were evaluated, including cluster size, statistical power, type I error rate control and trial adaptation rules under a variety of scenarios with varying Ebola incidence and heterogeneity. The study was designed at the peak of the epidemic and initially submitted for review to health authorities. However, the protocol was abandoned due to the waning epidemic, and a final version was not endorsed by any regulatory authority. Nevertheless, we believe that the findings of the approach taken with design and analysis could potentially provide useful insights for future Ebola or other emerging infectious diseases outbreaks.
Challenges of conducting a vaccine trial during an Ebola outbreak
There are considerable ethical and logistical constraints of individually randomizing healthy subjects in an epidemic environment. However, randomization has a major advantage in that an observed difference between the randomized groups can be attributed to the intervention, providing a valid assessment of the vaccine effect. This is especially important because the epidemic is not homogeneous over space and time 8, 9 with few Ebola cases occurring in the tail of the epidemic and infection rates that vary substantially both within and between communities. As a result, there was a legitimate concern about the likelihood of unequal exposure to Ebola infection between randomized groups. Randomization must minimize the possibility of differential exposure between vaccinated and controls subjects for any reason. This is not straightforward when the number of independent randomization units is small, and knowledge of potential risk stratification factors is limited. With differential exposure, a primary analysis based on a permutation method for inferencemaking may be further required to ensure statistical validity.
With vaccine supplies initially limited, a design in which vaccination was given to some individuals immediately, but after a delay in the remaining individuals when additional supplies were available, would allow for a controlled evaluation of vaccine efficacy with logistical advantages. If a vaccine is effective, the delay period during an epidemic should be minimized for the individual at risk from an ethical perspective. However, the length of the delay must be sufficiently long to have reasonable statistical power to evaluate vaccine effectiveness (VE). With large-scale vaccination, the operational time needed to offer the vaccine to all subjects in the community causes a natural delay and is further impacted by the timing of the availability of additional vaccine supplies. In the proposed trial, unvaccinated participants would be offered vaccine after a delay, but only in the event that efficacy was proven.
Potential field vaccine efficacy designs
The primary objective of the phase 3 study is to evaluate the effectiveness of a heterologous prime-boost regimen in preventing laboratory-confirmed Ebola. We assume that safety and immunogenicity results would be available in the targeted study region among different age groups in an accelerated manner, potentially in an initial part of the phase 3 protocol. 2, 10 Due to the operational and ethical considerations described earlier, alternative designs to the individually randomized controlled trial were considered and qualitatively assessed with regard to operational feasibility and statistical validity. The stepped-wedge design at the cluster level has been highlighted in the literature as a leading alternative to individual randomization in this setting. 5 Under such designs, different clusters are sequentially rolled over to the vaccine at different periods in time, where the time point of roll-over may or may not be randomized. Events collected prior to vaccination are used as a control. The stepped wedge offers the ethical advantage of conducting a study where all participants eventually receive the vaccine in the context of a vaccine roll-out campaign, which cannot immediately vaccinate all participants due to logistical constraints. This design may also have the potential to employ smaller sample sizes because the vaccine effect can be estimated utilizing both between-and withincluster variability. 11, 12 An unbiased evaluation of vaccine efficacy using statistical methodology that controls for time-dependent changes within clusters (e.g. via rerandomization or permutation-based inference) is possible. However, Bellan et al. 13 indicated that the statistical power can be significantly diminished when using permutation-based inference relative to the individual randomization since permutation is carried out at the cluster level, and the number of clusters may be small. The potential benefits of a stepped-wedge design have also been challenged by Kotza et al. 14 who show that the advantages of the stepped-wedge design can also be achieved using a classic cluster-randomized trial. They also note that the stepped-wedge design may result in a longer duration of follow-up, which was highly undesirable in this setting. For these reasons, the stepped wedge was not further pursued. Instead, we considered a more traditional cluster-randomized controlled trial with clusters of small households, close contacts around an infected Ebola case or large geographical areas such as an entire village could potentially serve as an alternative design. While this may require a larger sample size, it may alleviate some of the operational and ethical hurdles with individual randomization. With a vaccine availability of up to 400,000 doses and the ethical and operational hurdles against use of an individual randomization, a cluster-randomized controlled trial was selected.
The remainder of this article evaluates the feasibility and statistical power of such an approach. Specifically, clusters would be assigned randomly in a 1:1 ratio to either immediate or no vaccination (control), whereby vaccination would be offered to the control group after effectiveness was established. Administrative division of the counties would have been used to identify the clusters. For example, Sierra Leone is divided into districts, districts divided into chiefdoms, and chiefdoms into sections with the latter sections being selected as the clusters. Since risk of infection is likely to be more similar for subjects from the same geographical region compared to the population as a whole, balancing exposure across study arms was proposed via stratification of region. To that end, the chiefdoms or equivalent administrative divisions would have been selected as the stratification factor. The full design is illustrated in Figure 1 .
With incidence estimates initially based on historical data (and likely to reduce over time during the course of the epidemic), the optimal timing to perform the primary analysis was difficult to pre-specify. As such, a strategy to utilize real-time monitoring of Ebola incidence in subjects randomized to clusters in the control group was proposed to adaptively determine the time point for primary analysis. This adaptive decision rule aimed to determine efficacy as soon as possible (and minimize follow-up time on the control group), while maintaining the statistical power in the setting of a vaccine with at least 65% efficacy.
Proposed statistical methods
The primary analysis would compare all Ebola cases occurring after randomization in the immediatevaccination clusters with those observed over the same interval in the control group. This interval is defined as the period that commences after prime vaccination until the last cluster reaches the minimum follow-up period and is adaptively determined by the study design. To have a consistent starting point for the unvaccinated control group, monitoring of the time window for analysis would be initiated (for all clusters) once the prime vaccination had been given to all subjects randomized to immediate-vaccination clusters within a given chiefdom. This is reflected in Figure 1 by the solid line, indicating the post-randomization period. While ascertainment of laboratory-confirmed cases of Ebola from both study arms would commence when the first subject in the first cluster receives vaccination, Figure 1 . Graphical visualization of the key design elements for the evaluated cluster-randomized design.
Ebola cases observed in a cluster prior to randomization would be discarded from the primary analysis (see Figure 1 ). The analysis follows an intent-to-treat principle so that Ebola events are counted based on randomized treatment assignment rather than on whether the subject actually received vaccine. This is a study under field conditions to estimate VE rather than vaccine efficacy with the interpretation of the overall vaccine effect, which combines both direct and indirect effects of vaccination (e.g. herd immunity). 15 Two statistical methods were considered and evaluated for the primary analysis: the conditional Poisson's test and a permutation (re-randomization) test. The conditional Poisson's test is commonly used in vaccine development to monitor rare safety and/or disease events. 16, 17 This primary analysis model assumes that at the end of follow-up, the numbers of Ebola cases within each cluster are binomially distributed with parameters (n Vi , p Vi ) and (n Cj , p Cj ) in cluster i of the immediatevaccination arm V and cluster j of the control arm C. When the cluster size n is large and/or the probability of an Ebola case at the end of follow-up small, these can be approximated with Poisson's distributions with rate parameters l Vi = n Vi p Vi and l Cj = n Cj p Cj . Assuming clusters are independent, the total number of Ebola cases in the immediate-vaccination and control arms, respectively, V = P i2V arm V i and C = P j2C arm C j are also approximated by Poisson's distributions with rate parameters l V = P i2V arm n Vi p Vi and l C = P j2C arm n Cj p Cj . Then, conditional on the total number of Ebola cases T = V + C observed, the number of vaccine cases V is binomially distributed with parameters T and p = l V =(l V + l C ). The VE is then expressed according to the relative risk (RR), that is, 1 2 RR, whereby the RR equals p=((n V =n C ) À p). This reduces to RR = p=(1 À p) assuming the sample sizes are approximately equal between vaccinated and control groups. The primary null hypothesis that VE = 0 is equivalent to the simple binomial test with p = 0.5 under the null versus p \ 0.5 under the alternative. The null hypothesis is rejected at the one-sided 2.5% significance level when the probability to observe V or fewer cases out of T is less than 0.025; using exact binomial inference with parameters T and p = 0.5.
The permutation (or re-randomization) test was evaluated as an alternative statistical method, anticipating that the type I error rate may be increased when using the conditional Poisson's test due to differential exposure between randomized groups. To implement the permutation test, the treatment assignments of the clusters were randomly permuted 5000 times. Within each permutation, the vaccine efficacy was calculated as previously described, using the expression of RR. The null hypothesis was rejected at the one-sided 2.5% significance level when the fraction of permutations with a vaccine efficacy at least as large as observed was less than 0.025.
Note that both methods rely on observed Ebola cases only without knowledge of the actual number of subjects within each cluster and, therefore, requires an assumption that the number of subjects within each cluster is distributed equally across randomization groups. This assumption provides an advantage given that the actual number of subjects in the control arm would be unknown and based on the most recent population census data available for, for example, Sierra Leone from 2004.
Adaptive decision rule for primary endpoint evaluation
For the range of potential overall study incidences anticipated in the decline of the outbreak, a minimum follow-up time between 12 and 20 weeks was determined based on simulation results as described below. The follow-up time actually utilized in the study was proposed to be defined based on a statistical decision rule at a specific point in time (e.g. 4 weeks after all subjects in the immediate-vaccination arm are vaccinated), by evaluating the incidence in the control group. Observed incidences in the control group that are lower than anticipated at this interim point in time would result in a decision to increase the minimum follow-up time of the study to longer than 12 weeks, while observed incidences similar or larger than anticipated would result in a decision to maintain the minimum follow-up at 12 weeks. For each simulation, Bayesian posterior probabilities that the true incidence is greater than 2.5/100,000 person-months in the control arm were generated at various study times to identify criteria to guide decisions regarding the appropriate follow-up time. Assuming 12 weeks would be needed to vaccinate all immediate-vaccination clusters, the incidence in the control clusters was planned to be evaluated at one interim time point (determined by the simulation results) by an independent data monitoring committee. This committee would recommend to either maintain follow-up after the last prime vaccination in the immediate-vaccination clusters to 12 weeks or to extend follow-up time up to 20 weeks after the last prime vaccination, depending on whether there is or is not sufficient posterior probability that the true incidence is at least 2.5/100,000 person-months ( Figure 2 ). We note that there is US Food and Drug Administration 18 guidance on adaptively choosing a test statistic if this choice is made on blinded data. While adaptations made based on unblinded data can in theory inflate the type I error rate, our simulations reveal that this is not a practical problem in our setting where the overall number of events is small.
Details of the simulation study
The study was designed to establish superiority of the prime/boost regimen (i.e. null hypothesis of VE 0 versus the alternative that VE . 0) with approximately 90% power using a 2.5% one-sided significance level when the true VE is at least 65%. To that end, statistical power and type I error rate were evaluated via simulations under varying assumptions including adaptation rules related to early evaluation so that subjects not randomized to vaccination could receive vaccination as soon as the vaccine demonstrated efficacy.
The control incidence rates used in the simulations were based on actual and projected incidences for the region in which projected incidences were estimated using real-time dynamic transmission modeling. 8 The transmission model was continuously fitted to weekly reported confirmed and probable cases, combining data from the WHO reports and the daily Situation Reports from the Sierra Leone Ministry of Health. The fitted model was used to forecast the number of cases over the subsequent 4 weeks (so-called projections). Weekly updates of the case data and model-based estimates and projections were published in real time. 19 With a fixed sample size, a target study region and associated projected incidences, the optimal follow-up time to maintain study power was determined via simulations. Operating characteristics were evaluated for follow-up times of 12-20 weeks after prime vaccination of the last immediate-vaccination cluster under an expedited rollout of prime vaccination to all immediate-vaccination clusters of 12 weeks (6-7 clusters per week).
With a vaccine availability of 400,000, 160 clusters of sample size 5000 (the average size of the ''sections'') were simulated, of which 80 were to be assigned immediate vaccination and 80 were to be assigned to control (no vaccination). The intra-cluster correlation has a significant impact on study power and sample size when using sample size calculations for cluster-randomized trials. [20] [21] [22] Given the lack of available data to calculate and derive the intra-cluster correlation, the heterogeneity in control incidence was instead modeled using a mixture of three control incidence rates on average, with the large majority of clusters (70%) having a relatively small incidence, a smaller percentage of clusters (20%) having a relatively moderate incidence, and an even smaller percentage of clusters (10%) having a relatively larger incidence. To add to the heterogeneity in the control incidence, we further assumed that the individual cluster incidences within each of the ''small,''''moderate,'' and ''large'' cluster groupings varied uniformly up to 620% of the overall mean incidence rate for that cluster. The incidences evaluated through simulation are provided in Table 1 and detail the mean incidence per month across all clusters, as well as within each cluster grouping (i.e. small, moderate, and high).
Within each cluster, an event time for Ebola was generated for each subject using the appropriate exponential distribution defined by the incidence of that cluster whereby the incidence for an immediatevaccination cluster was multiplied by one minus the vaccine efficacy. The number of observed events within each cluster was counted as those events that occurred within the defined follow-up periods (as defined above). Various vaccine efficacy scenarios ranging from 50% (specifically requested by health authority agencies) up to 80%, thereby taking into account various scenarios of noncompliance; with an uptake of the vaccine regimen less than 100% were assessed. Operating characteristics were further assessed under two different randomization schemes. The first scheme (''controlled random allocation'') generates similar between-cluster heterogeneity between randomized groups thereby mimicking matching or stratifying on underlying Ebola exposure (visualized by the bracket in Figure 1 ) and resulting in 70% small, 20% moderate, and 10% large incidence clusters within each randomized group. Alternatively, we assessed a ''simple random allocation,'' mimicking lack of additional heterogeneity control with a potential to result in differential exposure between randomized groups, by randomly assigning the 70% small, 20% moderate, and 10% large incidence clusters across the 160 clusters. Table 1 provides simulation results assessing the type I error under VE = 0, indicating considerably increased type I error rates when using the conditional Poisson's test unless randomization is controlled with appropriate stratification or matching to increase likelihood of balance in Ebola exposure across groups. Alternatively, re-randomization-based inference controls the type I error rate regardless of the randomization scheme. In the field, effectively matching clusters was deemed unlikely due to the stochastic nature of the Ebola epidemic and the lack of known prognostic factors. As such, a permutation-based testing approach is highly recommended for analysis and inference related to vaccine efficacy. Table 2 provides simulation results assessing statistical power and indicates that with a fixed follow-up duration of either 12, 16, or 20 weeks after the last prime vaccination for a (0, 28)-day prime/boost schedule, the study is adequately powered to assess vaccine efficacy of 65% or more when the incidence is at least 1.25/100,000 person-months throughout the study. This incidence (1.25/100,000 person-months) was considered as a threshold incidence to initiate an effectiveness study based on sufficient statistical power. This rate corresponds to observing 10 cases every month in the target study area. Not unexpectedly, there is a slight reduction in power when using the permutation-based testing approach relative to the conditional Poisson's test, but the statistical power remains at or above approximately 80% at the threshold incidence.
Simulation study results
With an incidence of 2.5/100,000 person-months or larger, a follow-up duration of 12 weeks after the last prime vaccination is sufficient while for an incidence of 1.25/100,000 person-months, a follow-up duration of 20 weeks is considered necessary for sufficient statistical power. This observation formed the basis for deriving the decision rule for the timing of the primary analysis as explained in the statistical method section and Figure 2 . The performance of this decision rule (type I error, power, and the probability of stopping at either 12 or 20 weeks) was assessed, and the results are summarized in Table 3 . The results indicate that power is maintained at approximately 80% or higher with 65% vaccine efficacy when the Ebola incidence is as low as 1.25/100,000 person-months. However, when Ebola incidence increases, power increases and the chance of evaluating VE earlier increases. There is 65% probability to evaluate VE at 12 weeks when the incidence is 2.5/100,000 person-months. Additional assessments were evaluated to prematurely terminate the effectiveness study if there was sufficient evidence that the incidence was too low such that the feasibility to establish VE was unlikely (i.e. operational futility). For example, with 12 weeks needed to vaccinate (prime) all immediate-vaccination clusters, it was evaluated via modeling and simulation whether operational futility could be concluded 8 weeks after the first cluster has been vaccinated (this corresponds to 2/3 of the immediate vaccination completed). The results indicated (data not presented) a nontrivial power reduction coupled with a .5% probability of stopping the study when the true average incidence in the control group is 1.25 per 100,000 person-months, where without such a futility assessment, there was adequate statistical power to show vaccine efficacy. Furthermore, declaring futility in this manner was not predictive of later study success or failure, a highly undesirable feature, and hence no operational futility assessment was considered for inclusion in the protocol.
Discussion or conclusion
Confronted with ethical imperatives and logistical hurdles in the most recent Ebola outbreak, the design of an effectiveness study that strives for an unbiased assessment of the effect of a novel, heterologous vaccine candidate regimen required pragmatic considerations in combination with innovative thinking. Due to the epidemic circumstances, field conditions, and statistical considerations, a population-based cluster-randomized controlled trial approach with geographically matched randomization between immediate-vaccination group and an unvaccinated control group was favored over other design scenarios to assess the vaccine efficacy of a novel vaccine regimen.
Rapid onset of protection is desired in the group of individuals immediately exposed to an Ebola case. However, the 2014-2015 Ebola outbreak lasted more than 20 months, with sporadic cases of Ebola continuing to occur in the tail of epidemic over a long period of time in spatially distant locations, potentially (re)introducing the infection into communities without any recent Ebola cases. This highlights the importance of the durability of the vaccine-induced immune response and wide spatial coverage. A large-scale, populationbased approach using a vaccine regimen inducing longterm direct protection and herd immunity may provide the best protection to prevent further Ebola transmission for vaccinated (and potentially unvaccinated) individuals in the affected region.
The simulation results demonstrate that a clusterrandomized controlled trial implemented with re-randomization-based inference can provide robust inference with less efficiency than an individual randomized trial (higher sample size) but with the advantage of greater operational ease and potentially wider community acceptance. If smaller cluster sizes, or ultimately individual randomization, were preferred, one would still be confronted with the uncertain dynamics of the Ebola epidemic, the potentially low incidence, and the logistical field conditions (e.g. assuming 65% VE, an incidence of 2.5 cases per 100,000 person-months, a recruitment period of 3 months would require to individually randomization 350,190 individuals in two groups). The framework above attempts to tackle these challenges and offers a reasonably efficient way of decision making from a statistical perspective when the objective is to vaccinate a large number of people in an epidemic setting.
The test-negative case-control design has been considered as an efficient alternative to potentially demonstrate effectiveness to obtain post-marketing approval. [23] [24] [25] The test-negative design is a type of case-control study that has been applied to evaluate influenza vaccine efficacy and was planned to be included in our protocol as a sensitivity analysis. Under the test-negative design, the vaccination status (vaccinated or not) is compared between the confirmed Ebola-test-positive and confirmed Ebola-test-negative subjects whereby all subjects tested were selected from the same case population. The same case population may be defined as subjects presenting with Ebola-like symptoms at an Ebola treatment or holding center. In the evaluation of influenza vaccine efficacy, the comparison has been shown to be valid if the vaccine itself Based on 5000 simulations, with 80 clusters of size 5000 per study arm using permutation test analysis. Assumes 12 weeks to vaccinate (prime) all immediate-vaccination clusters and (0, 28)-day prime/boost schedule with simple random allocation that does not account for heterogeneity through matching on baseline Ebola incidence. Low, moderate, and high incidence clusters account for 70%, 20%, and 10% of total clusters, respectively. has no effect on noninfluenza infections causing influenza-like symptoms and if exposure to influenza is similar for the vaccinated and unvaccinated subjects. [23] [24] [25] Generalizing to the entire population would require the additional assumption that vaccine efficacy does not vary by health-care-seeking behavior or infection diagnosis. 24 It remains to be assessed whether those assumptions are valid in the Ebola context, in a region where rollout of the vaccine in a community at risk during a future outbreak would be embedded within a community-randomization framework.
In conclusion, modeling the trial design under various scenarios with simulation assumptions based on the most currently available data was useful to guide the study design decisions. The study duration would have been adaptively monitored according to the control incidence with the goal of maintaining study power while minimizing trial duration and the potential delay to vaccinate those in the control group. The actual delay period depends on the time needed to vaccinate the entire community, as well as the availability of additional vaccine supplies and the incidence of Ebola. With higher incidences, follow-up times can be shortened or actual sample size reduced while maintaining study power and potentially meeting the minimally required operational time.
Finally, the design would allow evaluation of VE from different statistical perspectives (''randomizationbased'' or primary method, case-test-negative design and other sensitivity analysis) and as such can provide a more robust assessment given the untestable statistical assumptions inherent to any design in this context.
